Regional brain variations of cytochrome oxidase (CO) staining were analyzed in the honeybee (Apis mellifera) after olfactory conditioning of the proboscis extension reflex. Identification of brain sites where stimuli converge was done by precise image analysis performed in antennal lobes (AL) and mushroom bodies (MB). In Experiment 1, bees received 5 odorant stimulations that induced a transient decrease of CO activity in the lateral part of the AL. In Experiment 2, bees were trained with 5-trial olfactory conditioning. CO activity transiently increased in the lips of the MB calyces. There was also a delayed increase in the lateral part of the AL. An olfactory stimulus presented alone and an odor paired to a sucrose stimulation are treated by different pathways, including both AL and MB.
Regional brain variations of cytochrome oxidase (CO) staining were analyzed in the honeybee (Apis mellifera) after olfactory conditioning of the proboscis extension reflex. Identification of brain sites where stimuli converge was done by precise image analysis performed in antennal lobes (AL) and mushroom bodies (MB). In Experiment 1, bees received 5 odorant stimulations that induced a transient decrease of CO activity in the lateral part of the AL. In Experiment 2, bees were trained with 5-trial olfactory conditioning. CO activity transiently increased in the lips of the MB calyces. There was also a delayed increase in the lateral part of the AL. An olfactory stimulus presented alone and an odor paired to a sucrose stimulation are treated by different pathways, including both AL and MB.
The identification of brain structures and neuronal pathways involved in the different memory processes is a major challenge in the neurobiology of learning and memory (Bertaina-Anglade, Tramu, & Destrade, 2000; Poremba, Jones, & Gonzalez-Lima, 1997 , 1998 . Associative learning in the honeybee, represented by olfactory conditioning, is a favorable tool for searching the neural substrate of learning and memory. This insect readily acquires the olfactory conditioning, and the neural system that underlies this conditioning is easily accessible. Indeed, the honeybee is a valuable model for the cognitive neurosciences (Menzel & Giurfa, 2001) .
In a one-trial paradigm, bees can learn to associate an odor (conditioned stimulus [CS] ) with a drop of sucrose solution applied to its antennae (unconditioned stimulus [US] ). The sucrose solution makes the honeybee reflexively extend its mouthparts. This proboscis extension reflex (PER) constitutes the unconditioned response (UR). A conditioned bee will show a PER for the odor alone (conditioned response [CR] ; Bitterman, Menzel, Fietz, & Schäfer, 1983) . Repeated learning trials lead to a long-term memory: The bee will retain the association for life (Bitterman et al., 1983; Hammer & Menzel, 1995; Menzel, 1990 Menzel, , 1999 .
There are two ways to study the activity of the nervous system during learning. One way is to manipulate the brain and look for the consequences on behavior (interventionist methods such as pharmacology or lesion), the other way is to scan the brain state after (or during) behavioral training (descriptive methods such as imagery or biochemical assay).
Interventionist methods, performed in the honeybee by using conditioning with one or several trials, have revealed multiple sites for CS-US association. Local cooling (Erber, Masuhr, & Menzel, 1980) , pharmacological treatments (Cano Lozano, Hammer & Menzel, 1998) , and electrophysiological stimulations (Hammer, 1993) have shown that the lateral protocerebral lobes, the antennal lobes (AL), and the mushroom bodies (MB) are the substrates of memory phases (Hammer & Menzel, 1995) . In the study by Hammer (1993) , an identified neuron (VUMmx1) was shown to support the US in associative olfactory learning. The VUMmx1 projections are mainly located in the AL glomeruli, in the calyces of the MB, and in the lateral protocerebrum.
Concerning the descriptive methods, some authors have tried to identify the cellular events resulting from learning. Development of fluorescent calcium imaging to track changes in odor representation by the brain was performed by Galizia, Joerges, Küttner, Faber, and Menzel (1997) ; Galizia and Menzel (2001); . Each single odor triggers a different pattern of activation in the AL; only a few glomeruli of approximately 156 to 166 per AL are activated. This technique revealed learning-specific activity patterns in the bee AL glomeruli after single-trial conditioning (Faber, Joerges, & Menzel, 1999; Galizia & Menzel, 2001) . Until now, the other neuropils of the honeybee brain have not been investigated by calcium imaging. The 2-deoxyglucose technique has been used in insects to localize odor-induced neuronal activity in the whole brain (Distler, Bausenwein, & Boeckh, 1998; Rodrigues, 1988) . A stimulation lasting 3-7 hr was necessary to reveal AL activation. Therefore, this technique does not seem suited to test the short-term effects of a learning paradigm involving brief stimulations. Numerous physiological studies in locusts (Laurent, Wehr, & Davidowitz, 1996) , bees (Stopfer, Bhagavan, Smith, & Laurent, 1997) , cockroaches (Lemon & Getz, 2000) , and moths (Lei, Christensen, & Hildebrand, 2002) have demonstrated spatial and temporal patterns of neural activity in AL and MB in response to odors. Although these other experiments have superior temporal resolution, they have not been applied to learning mechanisms.
Metabolic mapping of discrete brain regions using cytochrome oxidase (CO) histochemistry can constitute an alternative method. CO histochemistry has been used as a mitochondrial marker for neuronal function in mammals (Wong-Riley, 1979 , 1989 . In rodents, the effects of classical conditioning on CO activity in the central auditory system were investigated by using quantitative histochemistry (Poremba et al. 1997 (Poremba et al. , 1998 . In invertebrates, assessing CO activity is also a valid method of functional histochemistry. The consequences of pharmacological treatment on CO staining have been explored in the honeybee (Armengaud, Aït-Oubah, Causse, & Gauthier, 2001; Armengaud, Causse, Aït-Oubah, Ginolhac, & Gauthier, 2000) . The effects of rapid learningrelated changes on CO staining were studied in cuttlefish (Agin, Chichery, & Chichery, 2001) and showed that instrumental conditioning modifies the CO pattern activity.
The aim of the present work was to identify the brain structures activated in the short term by using multitrial conditioning. CO activation was determined after presentation of odor alone and after odor paired with sucrose. Analyses were confined to AL and MB, as these neuropils are olfactory structures and potential loci for CS-US association.
Method
Worker honeybees (Apis mellifera) were caught at the hive entrance and kept in a Plexiglas box for 2 hr, with food available ad libitum. Then they were anesthetized with CO 2 and fixed in small tubes as described by Armengaud et al. (2000) . The bees were food deprived for 3 hr to ensure their motivation for the sucrose solution.
Experiment 1: Olfactory Stimulations
Experiment 1 was performed on two honeybee groups that received five stimulations with a 1-min intertrial interval. In one group, the odor was delivered for 3 s (CS only), and in the control group, an airpuff (air only) was presented for 3 s on both antennae. This control takes into account the mechanosensory component of the stimulation. The odor used was coffee scent (the same brand of coffee was always used), which is composed of varied substances. The odor was sent by means of a syringe filled with 1 cm 3 of ground coffee. During the first trial, the bees that spontaneously responded with a PER to the odor or the air were discarded. The honeybees were killed by decapitation either immediately or 1 min after the fifth stimulation.
Experiment 2 : Olfactory Conditioning
In this experiment, honeybees were trained to associate the coffee odor with a drop of sucrose (50% wt/vol) applied to the antennae in a five-trial conditioning with an intertrial interval of 1 min (Gerber, Wüstenberg, Schütz, & Menzel, 1998) . The CS and the US were presented for 3 s. In the conditioned group, sucrose delivery started 1 s before the end of the odor (forward pairing). In the nonconditioned group, the sucrose delivery stopped 3 s before odorant onset (backward pairing). Therefore, this group was considered as a control group, because in the forward paradigm, bees presented five PERs elicited by gustatory stimulation and received five olfactory stimulations. The bees that spontaneously responded by a PER to the odor or that did not show a sugar-induced PER were discarded. Bees were killed either immediately or 1 min after the end of the learning phase.
In the conditioned group, honeybees could start to show a conditioned PER from the second trial, and during the learning session, each could perform from zero to four CRs. Bees with zero, one, or two CRs were very few and were not used. Moreover, we had previously observed that bees that made fewer than three CRs during a five-trial learning have a less than 30% probability of still being conditioned when tested 1 hr later, whereas those making three or four CRs during learning have a greater than 85% probability of being conditioned. All these preliminary data confirm that bees that made three or four CRs during the five-trial learning are almost certainly conditioned (Dacher, 2001) . For both experiments, the protocol is summarized in Figure 1 .
Figure 1. Experimental procedure for Experiment 1 (A) and Experiment 2 (B)
. A: Bees were stimulated by odor (experimental group) or air (control group) to the antennae. T0 ϭ decapitation immediately after the last trial; Tϩ1 ϭ decapitation 1 min after the last trial; ITI ϭ intertrial interval. B: Bees were stimulated by odor and sucrose at the antennae with a forward pairing (experimental group) or with a backward pairing (control group).
CO Histochemistry
After the bees were killed, their brains were dissected in ice-cold 4% (wt/vol) paraformaldehyde fixative in 0.1 M phosphate buffer (PB; pH 7.4) as previously described (Armengaud et al., 2000) . After 1.5 hr, the fixative solution was replaced by 25% (wt/vol) sucrose buffer overnight. After a brief rinse of 5 min in 0.1 M PB, cryostat frontal sections (16 m) from the whole brain were incubated for CO histochemistry (30 min, 33°C). The incubation medium consisted of 0.02% (wt/vol) cytochrome C (Sigma, St Quentin Fallavier, France), 0.06% (wt/vol) diaminobenzidine (Sigma), and 4.5% (wt/vol) sucrose in PB. The slides were dipped in cold PB, then rinsed for 5 min in PB. After dehydration in ethanol and air-drying, the slides were coverslipped.
Image and Data Analysis
A snapshot of a bee brain slice after CO staining and a schematic drawing are shown in Figure 2 . Only neuropilar areas were selected to assess CO staining. Usually, the cell bodies were not stained, in particular the Kenyon cells of the calyces. AL and MB were analyzed, as previous results indicated that these anatomical loci are involved in acquisition and retrieval processes of olfactory conditioning. In our study, the lateral protocerebral lobe was not analyzed because staining of this neuropil was heterogeneous, which made the anatomic boundaries of this structure difficult to define.
The ␣-lobe showed several layers, and we decided to analyze the three larger ones, which we called B1, B2, and B3. Lips and basal rings of calyces were also analyzed. The glomeruli of the AL were divided into a cortical area (ca glom) and medullar area (ma glom). Moreover, we separated each AL into a lateral side (lAL) and a medial side (mAL). This precaution was taken to avoid global analysis of the structure, which could mask a specific and local glomerulus odor-induced activation. We also analyzed the lobula of the optic lobe, as it is generally accepted that it is not involved in olfactory learning (Erber et al. 1980; Oleskevich, Clements, & Srinivasan, 1997) . Analyzing the lobula allowed us to assess the potential Figure 2 . The honeybee brain: photomicrographs of brain slices after cytochrome oxidase staining and the corresponding schematic drawings. B1, B2, and B3 represent the three main layers analyzed in the ␣-lobes. lAL ϭ lateral part of the antennal lobe; mAL ϭ median part of the antennal lobe; ca glom ϭ cortical area of the glomerulus; ma glom ϭ medullar area of the glomerulus; BR ϭ basal ring. Scale bars ϭ 150 m.
interindividual variations of the global brain activity (see Statistical Treatment).
The size of the groups was not constant from one neuropil to another, because it sometimes happened that a structure could not be analyzed in a given brain according to standardized criteria. A slice was eliminated when it was folded or when a part of the neuropil was missing or not present through 16 m thickness. For each neuropil, a minimum of three sections was necessary to take the brain into account.
Quantification was performed by computer-aided densitometry of CO staining intensity. The slices were observed with an AXIOPLAN Zeiss microscope (Carl Zeiss France SAS, Le Pecq, France; magnification 250ϫ) connected to a computer. Optical density was determined on a gray scale (0 -255) by using the image analysis software Adobe Photoshop 4.0. For each image, the gray level was corrected by the background measure from an adjacent area without tissue (background gray level minus tissue gray level). For each analyzed area, we examined three to eight consecutive sections to ensure that a comparable amount of tissue was analyzed for each brain. The values obtained for each slice were then averaged, giving a mean optical density (MOD) for each neuropil studied for each subject. This result indicated relative CO activity.
Statistical Treatment
To evaluate the relationship between staining intensity and treatment (olfactory stimulations or olfactory conditioning), we performed analysis of variance (ANOVA). As our experiments were replicated several times, we took into account a replication factor. Furthermore, as explained above, we assumed that the lobula staining could assess the potential effects of global brain activity variations. Therefore, the staining value of the lobula was used as a covariate. Analysis of covariance (ANCOVA) has also been used with CO staining by McCloskey, Adamo, and Anderson (2001) to remove global brain activity variations. However, if the addition of a covariate does not lower the residual variance, the loss of a degree of freedom lowers the power of the test. In this last case, we did not include the covariate.
All tests were two-tailed, and a probability lower than .05 was considered as significant. When the data could not be assumed to be normally distributed and of equal variance, they were transformed by taking power functions so that both hypotheses were respected. All the statistical computations were made with SPSS 9.0 (SPSS, Chicago, IL).
Results
The averaged MODs with standard error used in the ANOVA or ANCOVA are presented in Table 1 . The results are summarized in Figure 3 , corresponding to the brain activation pattern evoked by odor stimulation ( Figure 3A ) and by olfactory learning ( Figure  3B ).
Effect of Olfactory Stimulations (Experiment 1)
In this experiment, we analyzed 19 -28 brains from bees killed immediately after olfactory stimulation and 11-12 brains in bees killed 1 min after stimulation.
In the group killed without delay, the ca glom of the lAL exhibited a significant decrease of CO activity in odor-stimulated bees compared with air-stimulated bees: ANCOVA, F(1, 9) ϭ 5.595, p ϭ .042. For the ma glom of the lAL, a nonsignificant decrease was observed: ANCOVA, F(1, 9) ϭ 4.284, p ϭ .068. In the mAL, a decrease was also observed in the ca glom and the ma glom, but it also was not significant: ANCOVA, F(1, 9) ϭ 3.706, p ϭ .086 and F(1, 9) ϭ 1.333, p ϭ .278, respectively. In the MB, no significant variations of the MOD were detected by ANCOVA: lips of the MB calyces, F(1, 11) 
Effects of Learning (Experiment 2)
In Experiment 2, we analyzed 33-45 brains (according to the area) from the bees killed immediately after stimulation, and 14 brains from the bees killed 1 min after stimulation.
In the lips of the MB calyces, ANOVA analysis indicated that immediately after learning, subjects of the forward pairing group presented a significantly higher MOD compared with backward pairing subjects: ANOVA, F(1, 17) ϭ 7.139, p ϭ .016. For all the other neuropils studied, there were no significant differences between the MOD of the forward pairing subjects and those of the backward pairing subjects: ANOVA, basal rings of the MB caly- Of the 36 comparisons in Table 1 , 4 comparisons revealed significant effects (.05 Ͼ p Ͼ .01) for both experiments. In the case of 36 comparisons with ␣ ϭ .05, the probability of having no Type 1 error is only 16%; however, the probability of having four Type 1 errors is only 7%. The bees killed after the 1-min delay were not very numerous. Therefore, the two significant p values in these two groups, which are both over .01, might be Type 1 errors.
Discussion
The use of CO histochemistry was chosen to investigate the neuronal activity of the honeybee brain. This technique allowed us to define a short-term brain map related to olfactory learning. Experiment 2 was conducted with a multitrial conditioning procedure leading to long-term memory (Menzel, 1999) . We demonstrated that when an odor is rewarded with sucrose in forward pairing, there is an increase of neuropilar activity in the lips of the calyces, but not in the basal rings. One minute after the learning session, there was no longer a significant increase in the calyces, but there was activation of the ca glom of the lAL. When the odor was not associated with sucrose (Experiment 1), there was a transient decrease in the lAL, and a delayed decrease in the ca glom of the mAL. Hence, olfactory stimulation and olfactory learning produce two different brain maps: olfactory stimulation induced a decrease in neuropilar activity, whereas olfactory learning induced an increase in activity, especially in the lips and AL. An overview of these results is presented in Figure 3 .
Our findings are interpreted as the consequences of learning on metabolism rather than the opposite (i.e., the consequence of a particular preexisting metabolism on learning), because the effects were transient. Moreover, CO staining cannot be used to study the potential effects on learning of preexisting brain variations, because this histochemical technique requires that the animal be killed. This is why potential influences of global brain metabolism were taken into account by the ANCOVA.
Olfaction
Recent Ca 2ϩ imaging studies on the AL showed that the increase of Ca 2ϩ fluorescence, which is concomitant with odor presentation, is followed by a fluorescence decrease 10 s after presentation (Stetter, Greve, Galizia, & Obermayer, 2001 ). The time resolution of these variations is better with Ca 2ϩ imaging than with CO histochemistry. CO histochemistry time resolution probably cannot reveal the earliest neural modifications. Our observations can be related to the slow decrease in Ca 2ϩ imaging evoked by olfactory stimuli. CO histochemistry and Ca 2ϩ imaging are linked to neuronal activity, so we can postulate that neuronal activity in AL decreased in the 10 s after odor presentation. Moreover, a strong GABAergic innervation is present in AL because of the presence of GABAergic interneurons. Therefore, we can postulate that the metabolism decrease in AL is linked to the GABAergic activity described in insects during olfactory coding (Lei, Christensen, & Hildebrand, 2002; Stopfer et al., 1997) . The lips and basal rings of the calyces receive olfactory projections. The absence of effect of odor on calyx metabolism could be attributed to a preferential activation of multiglomerular output neurons, which project to the protocerebral lobes without invading the MB (Abel, Rybak, & Menzel, 2001) .
Learning
Three convergence sites of the CS (odor) and the US (sucrose), namely the AL, the calyces of the MB, and the lateral protocerebral lobes, represent potential sites for olfactory memory. The AL are necessary during the acquisition of olfactory conditioning (Erber et al., 1980; Faber et al., 1999; Galizia & Menzel, 2001; Joerges et al., 1997) . Substituting the reward in multitrial conditioning by injections of octopamine into the AL also resulted in learning. These results supported the involvement of AL in olfactory rewarded learning and octopamine as a transmitter mediating the reinforcement (Hammer & Menzel, 1998) . The modifications in AL metabolism, revealed by CO histochemistry, were detected 1 min after learning, whereas in bees that were killed immediately, the increase was detected in the lips. We cannot exclude that an activation of AL occurred before lip activation. This early activation cannot be detected by CO histochemistry Figure 3 . Comparison of schematic patterns of brain activity between odor-stimulated (A) and olfactoryconditioned (B) honeybees for T0 and Tϩ1 min decapitation delays. The gray scale indicates the probability that the variation of cytochrome oxidase (CO) activity is different from that of controls (0 Ͻ p Ͻ 1). Increased CO activity is indicated by darker levels, and decreases by lighter levels. p Ͻ .05 (ANOVA or ANCOVA) is represented in black and white. T ϭ delay after last trial; lAL ϭ lateral part of the antennal lobe; mAL ϭ median part of the antennal lobe; ca glom ϭ cortical area of the glomerulus; ma glom ϭ medullar area of the glomerulus.
because of the poor time resolution of this technique, which uses decapitation as reference time.
With Ca 2ϩ imaging, Faber et al. (1999) showed that after five-trial differential conditioning, there was an increase in activity for the rewarded odor. Activity for the control odor (perception of a new odor) increased to a lesser extent than for the rewarded odor.
In the lips, significantly higher relative activity of CO was observed in the forward pairing group compared with the backward pairing group. The effect of global and local injections of cholinergic ligands in the MB have been tested on acquisition, consolidation, or retrieval of olfactory conditioning (Cano-Lozano et al. 2001; Cano-Lozano, Bonnard, Gauthier, & Richard, 1996; Cano-Lozano & Gauthier, 1998; Gauthier, Cano-Lozano, Zaoujal, & Richard, 1994) . Using local injections of cholinergic antagonists, we proved that the ␣-lobes were necessary for the recall, but not for the acquisition, of olfactory learning (Cano-Lozano et al., 2001) . On the contrary, the calyces were involved in acquisition, but not in retrieval processes, in one-trial olfactory conditioning. CO histochemistry confirmed that the calyces are activated during acquisition in five-trial conditioning. With injection techniques, it was not possible to localize the calyx region involved in acquisition with any accuracy. Therefore, we can propose that only the lips of the calyces are active during acquisition of olfactory conditioning, rather than the whole calyces.
Neither olfactory stimulations nor olfactory learning had a significant effect on ␣-lobe CO histochemistry. These results confirm that ␣-lobes are not involved in acquisition processes (CanoLozano et al., 2001) . The absence of a role for the ␣-lobes during acquisition has also been found recently in Drosophila mutants either lacking this neuropil (Pascual & Préat, 2001) or having neurotransmission reversibly blocked inside the MB (Dubnau, Grady, Kitamoto, & Tully, 2001) .
Cellular Aspects
From the results of the behavioral performance obtained 1 hr after the learning session, we pooled bees with three and four successive CRs in Experiment 2. We can consider that these groups attained a complete acquisition compared with bees that presented one or two CRs. However, as suggested by electrophysiological recordings in honeybees (Mauelshagen, 1993) and c-Fos protein expression in mice (Bertaina-Anglade et al., 2000) , we cannot exclude the possibility that a partial acquisition (one and two CRs) could induce another metabolic pattern.
Following training, a sequence of biochemical, electrophysiological, pharmacological, and morphological events takes place. CO is an integral transmembrane protein of the inner mitochondrial membrane. The last question concerns the meaning of CO modifications related to learning. Is CO histochemistry just a convenient tool to evaluate neuronal activity, or can we postulate that CO is a mitochondrial effector of plasticity? Rapid control of CO by nitric oxide (NO) has been demonstrated (Brown, 1997; Torres, Darley-Usmar, & Wilson, 1995) . Nitric oxide synthase (NOS) is concentrated in the AL and lip region of the MB calyces (Müller, 1994 (Müller, , 1996 . Blocking of NOS during associative learning impairs memory formation induced by multiple trial conditioning. Furthermore, the cytosolic Ca 2ϩ threshold determines cytochrome C release from mitochondria to cytosol (Schild, Keilhoff, Augustin, Reiser, & Striggow, 2001) . As in NO and Ca 2ϩ studies, CO is probably more than an indicator of neuronal activity. Therefore, it is tempting to suggest that it could reveal changes related to synaptic plasticity. A recent report indicated that mitochondrial dysfunction occurs in neurodegenerative diseases such as Alzheimer's (Beal, 1998) . Chronic treatment with CO inhibitor produced a spatial learning deficit in rats (Bennett, Mlady, Fleshner, & Rose, 1996) . In addition to its role in neurodegenerative processes, mitochondria, through CO, could play an important role in plasticity (Williams, Thompson, Mason-Parker, & Abraham, 1998) .
In conclusion, our results confirm that the AL and the lips of the calyces are sites where odor and gustative stimuli are associated. The brain networks underlying the processing of odor as sensory information and those underlying the processing of learned odor are different, more in the metabolic activity of neuropils than in the brain structures involved. The comparison of the pattern obtained after olfactory stimulation and after training indicates that odor alone elicits a decrease of metabolism in AL, whereas the reinforced odor induces an increase of metabolism in the calyces. These results suggest that different networks could be used by the same odor, depending on its significance.
